Authors' synopsis The energy requirement for transthoracic ventricular dejibrillation with unidirectional rectangular double pulse shocks was evaluated by means of 4,560fibrillation-defibrillation episodes in dogs. The results obtained compare unfavourably with those previously observed with single pulse dejibrillatory shocks.
The possibility of achieving a significant reduction in the energy required for ventricular defibrillation by the use of two pulses, with an appropriate interval between them, has been suggested by Kugelberg (1966 Kugelberg ( , 1967 and by Resnekov, Norman, Lord, and Sowton (1968a) . Kugelberg's work (1966 Kugelberg's work ( , 1967 , which stressed the repeated defibrillation of a heart which was being perfused by an extracorporeal system and in which the electrodes were applied directly to the myocardium, indicated that shocks consisting of 20 msec rectangular pulses separated by IOO msec were effective at approximately onefifth the energy level required with a capacitor discharge shock. Resnekov et al. (1968a, b) used trapezoidal-shaped double pulses for the open-chest defibrillation of animals which had been in fibrillation for one minute. They, too, felt that a reduction in energy requirements was realized by the double pulse approach. Reports of Orias (1953) and of Brooks, Hoffman, Suckling, and Orias (1955) were cited as furnishing the theoretical rationale for the double pulse studies. ' This work was supported by PHS research grant HE-og7zg from the National Heart Institute and a grant from the Missouri Heart Association. It was conducted during the tenure of Dr. Schuder The work of Kugelberg (1966 Kugelberg ( , 1967 ) and of Resnekov et al. (1968a, b) furnished the incentive for us to undertake a detailed study of the effectiveness of double pulse rectangular shocks in the transthoracic defibrillation of dogs in which ventricular fibrillation had been induced and allowed to continue for a period of 30 sec. Our study was further prompted by the fact that the size and weight of apparatus for transthoracic defibrillation is intimately associated with the energy which must be delivered at each defibrillatory shock and that a several-fold reduction in energy requirements would make possible the design of much more versatile apparatus.
In the present paper, results with rectangular double pulse shocks are presented and compared with our previously published data for single pulse rectangular shocks (Schuder, Stoeckle, and Dolan, 1964; and Schuder, Rahmoeller, and Stoeckle, 1966) .
Methods
Equipment The high vacuum tube amplifier used to supply the fibrillatory shock, the double pulse shock being studied, and when necessary, a highly effective follow-up shock when the shock being studied proved unsuccessful has been described elsewhere (Schuder et al., 1964; and Schuder, Stoeckle, West, and Dolan, 1963 ). An American Electronics Laboratory model 104-A stimulator was used to supply the low-level double pulse input signal to the high power vacuum tube amplifier. The waveform of the current of the applied shock was observed on a Tektronix model 515A oscilloscope which displayed the Procedure A colony of six mongrel dogs, weighing from 13 to zz kg, was maintained during the period covered by our experimental work. The normal procedure was for an animal to be removed from the colony and replaced by another one only after it had undergone 300 fibrillationdefibrillation episodes. Some animals were replaced earlier because of apparent central nervous system damage which was observed after the procedure or because of death which followed our inability to defibrillate and obtain an effective heart beat. In all, a total of 31 animals were used in our study, which involved 4,560 fibrillationdefibrillation episodes with double pulse shocks.
In the evaluation of the effectiveness of a given waveform of current in the treatment of ventricular fibrillation, an animal was selected from the colony and anaesthetized with pentobarbital sodium at 27.5 mg/kg of body weight, ordinarily injected intravenously. Additional anaesthesia was frequently needed during the course of the procedure. The animal was then placed on a thick Lucite table top which served to isolate electrically the animal from the metal table. The chest electrodes, which were g cm in diameter, were taped to the anterior portion of the chest after being covered with Redux electrode paste. One electrode was positioned approximately over the apex of the heart, while the other one was slightly to the right of midline and somewhat higher on the chest. A low current shock was administered to the animal. Ventricular fibrillation usually resulted from the first shock, but if not, the shock was repeated until fibrillation was achieved. Thirty seconds after the onset of ventricular fibrillation, an attempt to defibrillate was made with the waveform of current being studied. If defibrillation and an effective beat were realized on the initial trial, the episode was recorded as a success. In the event of failure on the initial trial, a follow-up shock of known high effectiveness was used to defibrillate and the episode recorded as a failure. In either event, the procedure was repeated with not less than 3 min between the start of successive episodes. The animal was carried through a series of 20 fibrillation-defibrillation episodes.
After the conclusion of the work with the first animal, five more animals were taken through identical series. In this way, the per cent effectiveness determination of each specific waveform of current being evaluated was based on a total of 120 trials, 20 on each of six animals.
In the very few cases in which defibrillation proved impossible, even with the follow-up shock, the earlier results with the animal during the series in question were disregarded and a new series of 20 shocks carried out on the animal which was added to the colony to replace the animal which died.
The animals in the colony were then ordinarily re-used in the evaluation of additional waveforms of current with one or more days always intervening between successive experimental procedures on a given animal.
Results
The per cent effectiveness of 20 msec double pulse shocks in reversing ventricular fibrillation for current levels ranging from 3 through 7 A and with pulse separations of 70, 100, and 130 msec is shown in Fig. I . Since each data point is based on 120 trials, the data presented represent our findings i n 1,800 fibrillation-defibrillation episodes. The amplitude of the rectangular pulses i n amperes is indicated by the numbers associated with the vertical arrows. The 
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favourable curve from those shown in Fig. I is replotted in Fig. 2 , along with a curve which is based upon data previously published by us for 10 A single pulse rectangular shocks (Schuder et al., 1964) . The data points for the 10 A single pulse curve are indicated by x's. Each point represents a different pulse duration and consequently a different energy content. The data point enclosed in a square represents our results with exactly the same six animals used in obtainingthe double pulse curve. It is to be observed that it falls very close to the curve based on data determined previously with other animals.
Since the results with 20 msec duration double pulse shocks were not particularly attractive, we next studied double pulse shocks in which both the duration T and amplitude I were varied in such a fashion as to keep the energy content fixed at approximately 60 J (58.8 to 60 J). A family of curves which represent our results, for pulse separation times of 70, 100, and 130 msec, is shown in Fig. 3 . In this Figure, pulse duration is plotted to a logarithmic scale along the horizontal axis and numbers associated with the vertical arrows indicate the current amplitude in amperes.
Although no one member of the family of curves in Fig. 3 is clearly superior to the others over the entire pulse duration spectrum, the 70 msec curve does appear to indicate a peak value of effectiveness which is somewhat above the others. Consequently, and for purposes of comparison, this curve is replotted in Fig. 4 , along with a curve which is derived from previously published data for single pulse rectangular shocks (Schuder et al., 1964) . Along the horizontal axis is plotted total 'on-time'. For a single pulse shock, this is just the duration of the pulse. For a double pulse shock, this represents the sum of the duration of the two pulses which make up the defibrillatory shock. At any given value of on-time, one could visualize the double pulse shock as being derived from the corresponding single pulse shock by first applying the first half of the shock and then delaying the second half of the shock for 70 msec. Both the single pulse and double pulse curves of Fig. 4 refer to shocks in which the total energy content is fixed at approximately 60 J.
In Fig. 5 is shown a family of equienergy curves for pulse separations of 70 and 130 msec in which the pulse duration and pulse amplitude are so adjusted as to keep the energy content of the shocks constant at approximately 20 J (20 to 20.3 J). 
Discussion
The family of curves in Fig. I suggests that for 20 msec double pulse shocks, the effectiveness is a weak function of the pulse separation. That is, the results with a pulse separation of 100 msec are not appreciably superior to those achieved with separations of 70 or 130 msec. An increase in effectiveness with pulse amplitude and energy is clearly evident. The disappointing nature of our results with 20 msec double pulse shocks is evident in Fig. 2 . Here one sees that the results obtained with 20 msec double pulse shocks at any given energy level are unequivocally inferior to the results experienced at corresponding energy levels with 10 ampere single pulse shocks.
The sixty J equienergy family of curves sketched in Fig. 3 again indicates a relatively weak relationship between effectiveness of defibrillation and pulse separation for separation values of 70, 100, and 130 msec. However, for each of the values of pulse separation, there is a tendency for the effectiveness of the shock to drop off with decreasing current amplitude and increasing pulse duration. From Fig. 4 , it is evident that the effectiveness of 60 J double pulse shocks with 70 msec separation between pulses compares reasonably well with the effectiveness of corresponding 60 J single pulse shocks.
Since, as shown in Fig. 4 , both the single and double pulse 60 J shocks were effective at a level which approached reasonably close to 100% for the shorter shocks, it was considered desirable to evaluate the double pulse shocks at the 20 J level. Figure 5 indicates that at this energy level the 70 msec separation shocks are clearly superior to the corresponding shocks with 130 msec separation between pulses. Again, and for both separation times, we see a tendency for the shorter duration shocks to be the most effective. From the curve for the 10 A single pulse shocks in Fig. 2 , an effectiveness of about 80% is found at the 20 J level. This is somewhat higher than any point on the 70 msec separation, 20 J, double pulse curve of Fig. 5 .
Conclusions
We have been unable to demonstrate that double pulse rectangular shocks are effective in transthoracic defibrillation of dogs at lower energy levels than required with appropriate single pulse shocks. In fact, 20 msec duration double pulse shocks with pulse separation times of 70, 100, and 130 msec are definitely inferior to appropriate single pulse shocks. It is only with shorter pulse duration and greater current amplitude that double pulse shocks within the range of 70 to 130 msec separation begin to approach the effectiveness of corresponding single pulse rectangular shocks.
